Abstract-All Phase Biorthogonal Transform (APBT), a DCTlike transform generated from All Phase Digital Filter (APDF), can be used in baseline JPEG by replacing conventional Discrete Cosine Transform (DCT), and the image compression scheme is called APBT-based JPEG (APBT-JPEG). APBT-JPEG can achieve better coding performance but at the expense of an increased computational complexity, because there is no fast algorithm for computing APBT. With our in-depth study on APBT-JPEG, we have found the relation between APBT-JPEG and DCT-JPEG (baseline JPEG) in this paper. In order to avoid extra computational complexity in APBT-JPEG, we propose a novel quantization table used in DCT-JPEG and an almost identical coding performance is achieved compared with APBT-JPEG. Tested by natural images, experimental results show that compared with other quantization tables, at low bit rates in DCT-JPEG, the performance both in terms of PSNR and visual quality can be improved by using our proposed quantization table, and the blocking artifacts in reconstructed image have been reduced significantly. For these reasons, we can foresee that the proposed quantization table will be widely used in the future.
I. INTRODUCTION
In spite of the rapid development of huge capacity and high speed storage devices, lossy compression techniques of multimedia data, and especially images, are still increasingly used. Compared with the emerging waveletbased standard JPEG2000 [1] and the latest LBT-based standard JPEG-XR [2] , the DCT-based JPEG standard [3] known as the baseline JPEG remains to be the most commonly employed lossy compression algorithm for still images due to its high effectiveness and low computational complexity. However, DCT-based JPEG image compression method suffers from some annoying blocking artifacts at low bit rates, which results in visible discontinuities across block boundaries [4] . This is mainly due to independent processing of blocks in DCTbased JPEG. Therefore, many kinds of post-filtering techniques [5] , [6] for deblocking artifacts are proposed, which reduce the visibility of blocking artifacts in reconstructed image but increase complexity of the decoding process. Interestingly, unlike post-filtering techniques, a new kind of JPEG-like image compression scheme without any deblocking technique called All Phase Biorthogonal Transform (APBT)-based JPEG was proposed, of which blocking artifacts in reconstructed image have been reduced significantly [7] . In the following, we focus on the relevant advances in APBT-based image/video compression scheme.
In the light of all phase digital filter (APDF) theory [8] , three kinds of APBTs based on the Walsh-Hadamard Transform (WHT), the discrete cosine transform (DCT) and the Inverse Discrete Cosine Transform (IDCT) were proposed [7] . These APBTs could be used in baseline JPEG by replacing conventional DCT; so an image compression scheme called APBT-JPEG was generated. In fact, among these APBTs, APBT based on IDCT always achieves best coding performance in image compression. For this reason, in this paper our research work focuses on APBT based on IDCT (called APBT in this paper).
Compared with DCT-JPEG using quantization table suggested by JPEG (called default quantization table in this paper), better coding performance was produced in APBT-JPEG at various bit rates. Actually, the merits of APBT-JPEG are less blocking artifacts in reconstructed image and simple uniform quantization table in quantization procedure, but its shortcoming is that there is no fast APBT algorithm, which brings extra burden on complexity to perform APBT-JPEG.
Due to some superiority of APBT-JPEG, its theory and application have been researched further in recent years. APBT was applied to color image compression instead of DCT [9] , the blocking artifacts in reconstructed image have been reduced significantly and better performance is achieved at various bit rates. Moreover, with directional DCT and shape-adaptive DCT used for reference, directional APBT (D-APBT) [10] and shape-adaptive APBT (SA-APBT) [11] were proposed and better performance is achieved in image coding application. APBT also has been used in MPEG-4 video compression [12] instead of DCT, approximate performance is obtained. However, in image/video compression, since DCT has been widely used and there are many efficient algorithms for its fast computation [13] , [14] , the popularization of APBT seems to be difficult.
Note that the default quantization table is not a part of the JPEG standard. The JPEG baseline codec allows users themselves to redefine the quantization table to control the compression ratio and the quality of the reconstructed image. Therefore, by finding the relation between DCT-JPEG and APBT-JPEG, we devote ourselves to seeking a novel quantization table in DCT-JPEG, which can achieve identical coding performance compared with APBT-JPEG, and we hope our proposed quantization table will be widely used in the future.
The rest of this paper is organized as follows. In Section II, the relationship between DCT-JPEG and APBT-JPEG is revealed and a quantization table Q * is found, which acts as a bridge between these two different image compression schemes. Based on quantization table Q * , in order to get an approximate quantization table which remains faithful to the baseline JPEG syntax, the corresponding algorithm and procedure are presented in Section III. In comparison with APBT-JPEG using uniform quantization table and DCT-JPEG using  different quantization tables (including proposed  quantization  table) , corresponding experimental simulating is done, and both objective and subjective quality assessment results of reconstructed images are presented in Section IV. Finally, conclusions and discussions for further research are given in Section V. 
II. RELATION BETWEEN APBT-JPEG AND DCT-JPEG

A. DCT-Based JPEG Image Compression Scheme
The scheme of DCT-JPEG (baseline JPEG) image codec can be seen in Fig. 1 .
The encoder of DCT-JPEG is mainly composed of four parts: forward discrete cosine transform (FDCT), quantization, zig-zag scan, and entropy encoder. In the encoding process, the input image is grouped into blocks of size 88  . Prior to computing the FDCT, the input image data are level shifted to a signed two's complement representation. For 8-bit input precision, the level shift is achieved by subtracting 128. And then, each block is transformed by the FDCT into 64 DCT coefficients, the DC coefficient and the 63 AC coefficients. After quantization, the DC coefficient of each block is coded in a differential pulse code modulation (DPCM), and then is coded using Huffman coding. The 63 quantized AC coefficients are converted into a 1-D zig-zag sequence, preparing for entropy encoding (run-length coding and followed by Huffman coding).
The decoder also contains four major parts: entropy decoder, inverse zig-zag scan, dequantization, and IDCT, which performs essentially the inverse of its corresponding main procedure within the encoder.
In DCT-JPEG's forward transform, the conventional 2-D DCT is always implemented separately by two 1-D DCTs. Let us use X and C to denote an image block and the DCT matrix with size of NN  , respectively. 
The quantizer in DCT-JPEG is defined by the following equation. Rounding is to the nearest integer: 
where () Y u,v is the output of dequantizer, and it is an element of dequantized transform coefficient block Y .
Since DCT is an orthogonal transform, we can use 1 
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B. Relation between APBT and DCT
In the design of APDF based on IDCT, there is a transition matrix V which connects IDCT domain and time domain, and we call it APBT [7] . APBT was found by chance. It is proved to be a high efficient transform method of signal representation and has been applied successfully in image/video coding. The elements in the APBT matrix V are:
The IAPBT matrix 1  V can be formulated as: 
, where X denotes an image matrix, Y denotes the corresponding matrix of transform coefficients.
According to Eq. (1) and Eq. (4), the relation between APBT and DCT can be summarized as:
where V denotes the APBT matrix and C denotes the DCT matrix. D is a diagonal matrix, and the diagonal elements of it are given by:
1  D , the inverse matrix of D , is also a diagonal matrix and the diagonal elements of it are given by:
APBT, which is considered to be a DCT-like transform, is non-orthogonal, but the development of the fast algorithm for computing APBT is not impossible. However, to the best of our knowledge, it is a pity that there is no fast algorithm for computing APBT. Thus, with APBT replacing DCT in APBT-JPEG at present, higher computational complexity is required during transform procedure.
C. Relation between APBT-JPEG and DCT-JPEG
In this subsection, we study the relation between APBT-JPEG and DCT-JPEG.
The scheme of APBT-JPEG image codec is shown in Fig. 2 . The basic processes are similar to the DCT-JPEG algorithm. The differences between them are the transform (DCT or APBT) and quantizer (quantization  table or uniform quantization table) . Other steps of APBT-JPEG algorithm are identical to DCT-based JPEG. The quantization tables used in APBT-JPEG and DCT-JPEG are shown respectively in Fig. 3 , where X denotes an 8×8 image block, Y denotes the corresponding block matrix in the transform domain, which is the input of the quantizer, and X denotes a reconstructed 8×8 image block, Y denotes the corresponding block matrix in the transform domain, which is the output of the dequantizer.
Then, the forward transformation operations in APBT-JPEG can be performed using the APBT transform as:
The inverse transformation operations in APBT-JPEG can be performed using the APBT transform as:
Since the quantization (dequantization) is applied on the block matrix in the transform domain, according to Eq. (9) and Eq. (10), the diagonal matrix D ( 1  D ) can be merged into the quantization (dequantization) matrix. Such a merging is also suggested in many papers, including [15] . In APBT-JPEG, since the diagonal matrix 
To be merged into the dequantization matrix
To be merged into the quantization matrix Fig. 6 . Procedure of obtaining the proposed quantization table, and description to the relationship between APBT-JPEG and DCT-JPEG.
III. DEBLOCKING QUANTIZATION TABLE USED IN BASELINE JPEG
A. Generalized Pattern Search Algorithm (GPSA)
Before presenting the procedure of looking for the proposed quantization table, it is worth introducing some related issues such as optimization technique which will be used in following subsection.
Unconstrained optimization problem can be formulated as a D-dimensional minimization problem as follows: T 12 Min ( ),
where f is the objective function and parameters vector x is considered to be a point in the D-dimensional real space
There is a relatively conventional optimization technique called generalized pattern search algorithm (GPSA), which is a typical direct search method [16] , [17] . GPSA is an iterative method that generates a sequence of feasible iterates whose objective function 
value is non-increasing. At any given iteration, the objective function is evaluated at a finite number of points on a mesh in order to try to find one that yields a decrease in the objective function value. Each iteration is divided into two phases: an optional search and a local poll [18] . A flow chart of generalized pattern search algorithm is shown in Fig. 7 . GPSA is an optimization technique that does not require gradient information of the objective function. And it is based on a simple concept that is easy to be implemented and is efficient when computed. Simulating in MATLAB, we can call MATLAB function called "pattern search" to implement GPSA for convenience. 
B. The Algorithm to Obtain Deblocking Quantization
IV. EXPERIMENTAL RESULTS AND COMPARISONS WITH
APBT-JPEG AND DCT-JPEG Before presenting the experimental results, it is worth discussing some experiment related issues. In order to test the proposed quantization table and compare it with other quantization tables, in this section, we will present simulation results obtained by applying different image compression algorithms to test typical monochrome images Barbara and Airplane (512×512, 8bpp). Airplane is smooth and flat. On the contrary, Barbara contains more details and edges. Throughout this paper, all experiments are conducted with MATLAB 7.14.
In APBT-JPEG, V (when N=8) is used as the transform matrix. In the quantization part, the uniform quantization table (see Fig. 3(a) ) is adopted, while in baseline DCT-JPEG algorithm, C is used in transform step with six different quantization tables used in quantization procedure respectively (see Fig. 3(b), Fig. 5 , Fig. 8 and Fig. 9 ). Three baseline JPEG's optimized quantization tables (shown in Fig. 9 ) were proposed in other works which are chosen for comparison here. All of these JPEG algorithms use the typical Huffman tables (see [3] ) which have been developed from the average statistics of a large set of images with 8-bit precision. For the sake of image compression performance assessment, the distortion is measured by the PSNR, which is the most widely used image quality metric: where MSE denotes the mean squared error between the original and reconstructed images. Tables  Table I and Table II show the experimental results with APBT-JPEG using uniform quantization table and DCT-JPEG using different quantization tables in terms of PSNR at different bit rates, applied to images Airplane and Barbara, respectively. In what follows, coding performance results is summarized on the basis of PSNR. In view of Table I and Table II , firstly, compared with APBT-JPEG, an identical coding performance could be achieved by using DCT-JPEG with quantization table Q * , and a very approximate coding performance could be achieved by using DCT-JPEG with proposed quantization table. Secondly, coding performance of DCT-JPEG using proposed quantization table outperforms DCT-JPEG  using default quantization table and quantization table 1 at various bit rates. Thirdly, compared with DCT-JPEG using quantization table 2, coding performance of DCT-JPEG using proposed quantization table is better at low bit rates, but at other bit rates, coding performance of DCT-JPEG using proposed quantization table is worse. Lastly, compared with DCT-JPEG using quantization table 3, coding performance of DCT-JPEG using proposed quantization table is better at low bit rates, and is comparable at higher rates.
A. PSNR Comparison of APBT-JPEG, and DCT-JPEG with Different Quantization
Furthermore, to keep the paper reasonably concise, we would like to point out that the identical experiment simulation is also applied to other test images, and similar objective quality assessment results are obtained.
B. Visual Quality Comparison of APBT-JPEG, and
DCT-JPEG with Different Quantization Tables PSNR is just a mathematical model that approximates results of subjective quality assessment. In order to compare the compression performance subjectively, Figs. 10~14 show the reconstructed images Barbara and Airplane obtained by using APBT-JPEG with uniform quantization table and DCT-JPEG with different quantization tables at some representative bit rates. (quantization table 2 ) which is derived by incorporating the human visual system model with a uniform quantizer [20] , (c) The luminance quantization table (quantization table 3 ) generated from psycho-visual error threshold for DCT basis functions, with having investigated a psycho-visual error threshold at DCT frequency on the grayscale image [21] . From Fig. 10 (at 0.20bpp) and Fig. 11 (at 1.00bpp) , as compared with APBT-JPEG, a very approximate visual quality of reconstructed image Barbara is achieved by using DCT-JPEG with quantization table  Q and proposed quantization table. In Fig. 10 , at bit rate 0.20bpp, since the blocking artifacts have been reduced significantly, reconstructed images of DCT-JPEG using proposed quantization table look more agreeable than DCT-JPEG version using default quantization table. With bit rate increasing, the reconstructed images of these JPEG algorithms are visually closer to the original one. In Fig. 11 , at bit rate 1.00bpp, unlike the PSNR difference between images Barbara reconstructed by DCT-JPEG with proposed quantization table and default quantization table, the visual difference between them is almost visually imperceptible. As shown in Fig. 12 (at 0.20bpp), since the blocking artifacts have been reduced significantly, DCT-JPEG using proposed quantization table yields more visually pleasant results, while DCT-JPEG versions using quantization table 1, 2 and 3 suffer from discontinuities across block boundaries. In Fig. 13 (at 1.00bpp) As described earlier, actually, the advantage of DCT-JPEG with proposed quantization table is the less visibility of blocking artifacts in reconstructed images at low bit rates. Then, similar result is obtained when experiment simulation is applied to image Airplane. As shown in Fig. 14, compared with DCT-JPEG versions using default quantization table, quantization table 1, 2  and 3 , better visual quality of DCT-JPEG version using proposed quantization table is achieved at low bit rates, and the blocking artifacts have also been reduced significantly.
To keep the paper reasonably concise, finally, we would like to point out that similar subjective quality assessment results are obtained, when the identical experiment simulation is applied to other test images.
In short, among these image compression algorithms, the image reconstructed by DCT-JPEG using proposed quantization table is always good at various bit rates in the sense of subjective visual quality.
V. CONCLUSIONS
This paper has proposed a novel luminance quantization table used in baseline JPEG. Tested by natural images, we can see that compared with DCT-JPEG using other quantization tables, the proposed quantization table improves the performance of baseline JPEG at low bit rates, both in terms of PSNR and visual quality. Due to its superiority in reducing the blocking artifacts of reconstructed image at low bit rates, we call it deblocking quantization table. Especially, employing deblocking quantization table instead of default one in baseline JPEG, reconstructed image has better performance at various bit rates. Thus, deblocking quantization table is a good alternative of widely used default quantization table suggested by JPEG.
Interestingly, deblocking quantization table can be adopted both as luminance and chrominance quantization table in DCT-JPEG for color image compression and an almost the same coding performance would be achieved compared with APBT-JPEG. With using deblocking quantization table, we also can achieve the almost identical coding performance by replacing APBT with DCT in SA-APBT (or D-APBT) algorithm. Furthermore, we can continue to explore other applications of the deblocking quantization table, such as MPEG-4 video coding. Therefore, we can foresee that the proposed quantization table will be widely used in the field of image compression. 
